Single neutral heavy lepton production at electron-muon colliders. 
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New heavy Majorana and Dirac neutrinos production at future electron-muon colliders are inves- 
tigated. The production of a single heavy neutrino is shown to be more relevant than pair production 
when comparing cross sections and neutrino mass ranges. The process e ^ — ► v t W T is stud- 
ied including on-shell and off-shell heavy neutrino effects. Distributions are calculated including 
hadronization effects and experimental cuts that suppress background, in order to have a clear 
signal for heavy neutral leptons. 
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PACS: 12.60.-i, 13.85.-t, 14.60.-z 

There is an increasing experimental evidence for neu- 
trino oscillations and non zero neutrino masses Q]. The 
smallness of neutrino masses is generally understood as a 
consequence of some see-saw mechanism. This brings the 
question of the possibility of new heavy neutrino states. 
So far none of these new states was experimentally ob- 
served w ith masses up to ~ 100 GeV. For higher 
masses there are many suggestions of experimental pos- 
sibilities in the next high energy hadron-hadron colliders 
||, in electron-positron linear accelerators [^|-^), in neu- 
trinoless double-beta decay JtJ . The properties of these 
new heavy states are a central point in many of the theo- 
retical models proposed as extentions of the present stan- 
dard model of elementary particle physics. Besides the 
masses and mixing angle values, an important point is 
the Majorana or Dirac nature of new heavy states. This 
is directly connected with lepton number conservation 
and to the general symmetries of any extended model. 

The suggestion of a new type of electron-muon colliders 
H seems to be an interesting proposal to verify the prop- 
erties of new heavy leptons. Muon beams are well known 
to have a reduced synchrotron radiation loss and the ab- 
sence of an Z-mediated s channel makes cleaner the high 
energy properties of charged current interactions. An- 
other interesting point is the fact that e/i colliders will 
test directly the properties of two leptonic families. This 
option was considered recently by Cvetic and Kim ||, 
who studied the production of a pair of heavy Majorana 



leptons in the reaction t 
for N on and off shell. 
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In many models the mixing of neutral and heavy neu- 
trino states implies that in the light-to-heavy neu- 
trino vertex we have a single power of the mixing an- 
gle, contrary to the double mixing angle power in the 
heavy-to-heavy neutrino vertex. Another factor that fa- 
vors single heavy lepton production is a smaller phase 
space suppression. We are then lead to study the chan- 
nel e ± /i T — ► vi^W T . We have calculated the stan- 
dard model background contribution for this process and 
shown that, with appropriated cuts, it can be reduced 
well bellow the signal. In order to have a more realis- 
tic estimate for the signal and background distributions 
we have hadronized the final W. We discuss throughout 
this paper both the Majorana and Dirac heavy neutrino 
contributions. 

Most extended models predict new fermions and new 
gauge vector bosons. Since we presently have no signal 
for new interactions, we will make the hypothesis that 
the new heavy neutrino states behave as SUl(2) ® Uy(l) 
basic representations. We can resume the new particle in- 
teractions in the neutral and charged current lagrangians: 

C nc = -^—sinQ mlx Z^ N ^ (1 - 75) ijj v + h.c. (1) 



and 
r 



2V2 



sinOmixW^ipNj^ (1 - 75) ipe + h.c. (2) 



In this paper we call attention to a more feasible chan- 
nel for detecting neutral heavy leptons in e/i colliders. 



and similar terms for the other leptonic families. In the 
Majorana case, each completely neutral heavy lepton is 
coupled to all charged leptons and we are considering 
only the lower mass state. For the Dirac case, in princi- 
ple we have three different heavy neutrinos, one for each 
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family. In this last case we have considered their masses 
to be all equal. 

Throughout this paper we will suppose that mixing 
angles for heavy-to-light neutrinos and new heavy neu- 
trino masses are independent parameters The light 
neutrinos couplings to the neutral Z are given by gv.A — 
Sv'a ~ sin 2 6 m ix/2. Taking the experimental values for 
gv.A and the standard model predictions we obtain a 
small upper bound for 9 m ix- A recent estimate pl| | gives 
sin 2 6 m ix < 0.0052 with 95% C.L. This limit value is used 
throughout this paper for all curves and distributions. 

The decay modes for these leptons, in the Majorana 
case H must include both signatures N — ► £ T and 
N — ► vi [pi) Z, with I = e, /j,, r. For the Dirac case, we 
have the simple decays — ► fj,~ W + and — ► Z. 
For the specific channel considered in this paper we have 
an undetected final neutrino state. In the heavy Dirac 
neutrino production we have lepton number conserva- 
tion, and only reactions like e~ (i + — ► v e u + W~ are 
allowed. But for the Majorana case, as we have lepton 
number violation, we must sum over all the final neutrino 
and antineutrino states in e~/i + — ► u + W~ v^Da). 

From equations 1 and 2 we can readily calculate the 
decay widths for the neutral leptons and find 

TV AT 7\ 9 2 sirl2 0mixM N 

T{N ViZ) = 128^ fivz) 



w 



r(N^£±W*) = 92sin2emi * MN f(y 

647T 



w 



(3) 



where f(y) =y-3/y + 2/y 2 and y = (M N /M z>w f 



In Fig. 1 we show the structure of the Feynman 
diagrams that contribute for the signal. We have in- 
cluded in our results all the off-shell and on-shell contri- 
butions. The calculations for both the standard model 
background and signal were done using the high energy 
program CompHep |l2|. We call attention to the fact 
that the N width is very narrow for lower heavy neutrino 
masses and increase for higher masses. Propagator ef- 
fects must then be handled with care. Another possible 
background contribution comes from e~/i + — ► e~ fi + Z 
where the final electron goes along the initial electron 
direction and escapes from the detection. This contribu- 
tion is almost eliminated by requiring a good resolution 
in the hadronization, with an invariant hadronic mass 
peaked around Mw- 

The cross sections for single and pair heavy neutrino 
production (on-shell) are displayed in Fig. 2 for y/s = 
2000 GeV. In all our results we have done general detector 
cuts Ei e pt on > 5 GeV and —0.995 < cosOi < 0.995, where 
all angles are defined relative to the initial electron. In 
the Majorana case we have summed over all the possibili- 
ties of undetected final neutrino states. This figure shows 
clearly the dominance of single heavy neutrino produc- 
tion over pair production. We also show the possibility 
of Majorana neutrino contribution to e~/i + — ► W~W + 
according to Fig. lb. This channel dominates single and 



pair Majorana production for neutrino masses above y/s. 
In Fig. 3 we have the total cross sections for the signal 
(Dirac and Majorana) and standard model background 
for the specific final states e~[i + — ► invisible fjr W~ , 
where invisible means the sum of all undetected possi- 
ble final neutrino and anti-neutrino states. The standard 
model background is clearly above the signal and the 
central problem for a possible experimental detection of 
heavy neutral leptons is to study the distributions that 
could separate signal from background. 

Angular distributions can be very helpful in separating 
signal from background as well as Majorana from Dirac 
heavy neutrinos. In Fig. 4 we show the angular distri- 
bution (cosOp) for the final muon (relative to the initial 
electron). The standard model distribution is peaked at 
cosOfi ~ — 1. For lower heavy neutrino masses we have 
different Dirac and Majorana distribution shapes but for 
higher masses this difference almost disappears. In Fig. 
5 we show the distribution of the angle between the final 
muon with respect to the direction of the heavy lepton 
in its center of mass (cos#*). This distribution shows 
that we can eliminate most of the standard model con- 
tribution with a cut like cosO* < 0.5 and that this cut is 
almost independent of the heavy neutrino mass. 

In order to enhance the relation signal to background, 
we can apply some heavy neutrino mass dependent cuts, 
based on kinematical relations only. Let us consider the 
case where at y/s center of mass energy particles A and 
B are produced and then the particle B decays into par- 
ticles C and D. Let us suppose further that the particles 
A and C are massless. After doing a simple calculation 
we obtain that the energy of the particle C, Ec, should 
be in the range: 



1 Vi(M| - Ml) 

2 M% 



<E C < 1 -^1^1 (4) 
2 Js 



The shaded area in Fig. 6 shows the allowed region 
for the muon energy when y/s = 2000 GeV and fi- 
nal state v, n + ,W~. For M N = 200 GeV, 800 GeV and 
1600 GeV, we have 8.38 GeV < E^ < 838.62 GeV, 158.38 
GeV < En < 989.91 GeV and 638.38 GeV <E^< 997.47 
GeV, respectively. 

Another interesting heavy neutrino mass dependent 
variable is the angle between the final particles C and 
D, originated from the particle B decay in the center of 
mass of the incident particles. After doing a Lorentz 
transformation, we obtain that cosOcd should be in the 
region: 



1 < cosOcd < 



Ml E* c 



VT+^Vri(E* c 2 + Ml) + E, 
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The shaded area on Fig. 7 shows the allowed kine- 
matical region as a function of the heavy neutral particle 
mass for our case where yfs = 2000 GeV and A, B, C 
and D are the standard neutrino, heavy neutral parti- 
cle, muon and gauge boson W, respectively. For Mjv = 
200 GeV, 800 GeV and 1600 GeV, we have for cos0 Wfl 
the following upper limits: 0.914, 0.0588 and -0.9003, 
respectively. Dynamical bounds will further limit this 
area. Another important kinematical constraint comes 
from the fact that on-shell heavy neutrino contributions 
are dominant. Then the missing energy of the final neu- 
trino has a sharp distribution given by 



E v = (s - M 2 N )/2yTs 



(8) 



The most definite separation between signal and back- 
ground is given by the correlation between the final miss- 
ing energy and the invariant visible mass of the system 
muon + hadrons. For the signal the missing neutrino 
energy is strongly peaked by Eq. 9 and the invariant vis- 
ible muon + hadrons mass is also peaked around M/v- 
In order to have a more realistic estimate for the experi- 
mental possibilities of detection of heavy neutrino effects 
we have hadronized the final W, for the signal and the 
background, using the program Pythia [M. The results 
are shown in Figs. 8, 9, 10 for heavy Majorana neu- 
trino masses of 200, 800 and 1600 GeV respectively. In 
Fig. 8a we show the arbitrary number of events plot in 
the plane If and muon + hadrons invariant mass. For 
Mjv = 200 GeV we include only the general detector 
cuts, > 5 GeV; > 5 GeV; |cos0 M | < 0.995; - 
cos 6hadron\ < 0.995, and require an hadronic invariant 
mass limited to Mw ± 2 GeV. In this heavy neutrino 
mass region the background is clearly mixed with the 
signal. If we start doing more restrictive cuts we can re- 
duce the background contribution. In Fig. 8b we have 
done the cut If < 1050 GeV, according to Eq. 9, and 
added the mass independent cut cos0* < 0.5. If wc 
finally make the more restrictive mass dependent cuts 
0.85 < cos9 WfJ . < 0.95 and < 800 GeV we arrive at 
the result shown in Fig. 8c, where the background was 
substantially reduced. A similar procedure can be done 
for higher masses. For instance, in Fig. 9a, even with 
the general detector cuts we can see the signal above the 
background. If we improve our cuts to the mass inde- 
pendent region cos9* t < 0.5, use If < 1050 GeV, and 
employ the more mass dependent cuts cosQwy, < 0.05 
and 158 GeV < E^ < 990 GeV, we have practically only 
the signal in Fig. 9b. The same situation is found for 
Mjv =1600 GeV. In Fig. 10a, the signal is in a region 
of very low background. If we improve our general and 
mass independent cuts with new cosOwn < —0.9 and 638 
GeV < E^ < 997 GeV, only the signal is left unaffected, 
as displayed in Fig. 10b. 

For single heavy neutrino production, the relation sig- 
nal to background increases as the heavy neutrino mass 



increases. Our analysis of single heavy neutrino pro- 
duction via the process e~/i + — ► invisible fi + W~ can 
be generalized for any process of the type e^/x^ — > 
invisible (.^ hadrons. For values of the center of mass 
energies other than y/s = 2000 GeV, we have similar 
conclusions: heavy neutrino masses can be investigated 
up to y/s; angular and kinematical cuts can help in es- 
tablishing distributions that can differentiate signal from 
background and the strong correlation between the vari- 
ables If and M^ + } la( irons gives a very clear signature for 
the signal. 
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Figure Captions 



1. General Feynman graphs for heavy Majorana and 
Dirac neutrino contribution to e~ u + — ► v /i + W~ . 

2. Single and pair production of on-shell heavy Dirac 
and Majorana neutrinos at y/s = 2000 GcV for 
e~fi + colliders (sin 2 9 mix = 0.0052). 

3. Signal and background (standard model) contribu- 
tions to e~ n + — ► invisible n + W~ at y/s = 2000 
GeV. 

4. Final muon angular distribution relative to the ini- 
tial electron cosO^, for the standard model back- 
ground and for Dirac and Majorana heavy neutri- 
nos, at y/s = 2000 GcV. 

5. Final muon angular distribution relative to the di- 
rection of the heavy lepton in its center of mass 
cos#*, for the standard model background and for 
Dirac and Majorana heavy neutrinos, at y/s = 2000 
GeV. 

6. Kinematical limits for the muon energy versus 
heavy neutrino mass Mm at y/s = 2000 GeV. 

7. Angular distribution for the angle between the final 
muon and W, cosOw/i at y/s — 2000 GeV. 

8. Invariant visible mass M fl+ f l adrons and missing en- 
ergy If for background and signal for Mn = 200 
GeV (in arbitrary units). Fig. 8a was done with 
the general cuts, Fig. 8b was done with the ad- 
ditional mass independent cuts as discussed in the 
text and Fig. 8c with the more restrictive cuts. 

9. Same as Fig. 8, for M N = 800 GeV at yft = 2000 
GeV. 

10. Same as Fig. 8, for M N = 1600 GeV at y/s = 2000 
GcV. 
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